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smMARY

Theeffectof coolingonboundary-layertransitioninthestedy
flowof airintheentranceof a smoothroundtubehasbeentivestigated
experimentally.RunsweremadeatMsmeterReynoldsnumbersvaryingfrom
~,000to 106,0m. Thelevelsof disturbanceweresuchasto yieldadi-
abaticlengthReynoldsnunibers(basedonthelengthto thestartoftran-
sition)rangingfrom~,000 to 1,EDO,000. Tknaitionwasdetermined
fromlogarithmicplotsof loc~ apparentfrictionfactoragainstlength
Reynoldsnumber.Temperaturedifferencesbetweenthewallandthefree
streamup to ~0° F wereapplied,butno significanteffectof cooling
onthepointoftransitionwasfound.

Fora gasthetheoryof stabilitybasedon vanishinglysmalldis-
turbancespredictsa largeincreaseinthembxlmumvalueofReynolds
nuniberatwhichthelsminarvelocityprofilefirstbecomesunstableon
a flatplatewhentheplateiscooled.In addition,thetheorypredicts
thatthetiitialrateof simplificationofthedisturbanceisreducedby
cooling● Becauseofpressuregradients,theflowintheentranceof a
tubeisnotexactlythesameaEthaton a flatplate,butthebehavior
of theflowisthoughttobe verysimilarto thaton a flatplatewhen
theboundary-la~rthiclmessissmaU_comparedwiththetuberadius,as
itwasthroughoutthesetests.It appears,therefore,that,inthetests
reportedhere,tramitionmaynothavebeenbroughtaboutby amplification
oftheso-calledToUmien-Schlichtingwavesofthecurrentlaminarinsta-
bilitytheory.Thissuggeststhatstudyofthenonllnearternsofthe
differentialequationsofmotionwillbe necessarybeforethemechanism
oftransitioncanbe fullyunderstood.

Thepresentresultsindicatethattheeffectof coolingontransi-
tionisnotlikelytobe significantinanynormalinternalflow. The
measuredeffectontransition,evenwheno~ veryslightdisturbances
arepresent,isalwaysatleastoneorderofmagnitudelessthanthe
effecttheoreticallypredictedforthepointatwhichthel=minarve~c-
ityprofilefirstbecomesunstable.

_ ——— . .—— ————————— .— —
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AU.thelsminaradiabaticdataofthesetestsarecorrelatedwithin
*6 percentby theequation

/rx/D4f~p ReD= 6.87 —
Rt?D

intherangeforwhich (x/D)R% = R
/ 4

R~2~ 0.(X)5, where fm denotes

theapparentfrictionfactor;Rex,thelengthReynoldsnumber;R%, the
diameterRej~oldsnumber;x, theaxialdistancefromthetubeentrance;
and D, thediameterofthetube.A simpletheorybasedon themomentum
inte~almethodandtheasswuptionsof verythinboundarylayershaving
flat-plate-likebehavioryieldsthecomparableformula

IF4fAPP%= 7“15 :

INTRODUCTION

ThetheoreticalstudiesofTollmien(refs.1 and2),Schlichting
(ref.3),Prandtl(ref.4),sndothershaveshownthatbeyonda certain
criticalReynoldsnumberthelaminarboundarybyer becomesunstableto
smalldisturbancesina certain.criticalfrequencyrange.Thisremark-
ablemathematicaltheoryhasbeenverifiedbeyondquestionby theexperi-
mentalworkofSchtiauerandSkramstad(ref.5) andofLiepmann(refs.6
and7). MorerecentlyLin(ref.8) andLeesandLin(ref.9) have
improvedthemathematicaltheoryandhaveextendeditto coverthecase
of thecompressiblefluid.Lees(ref.10)andV= Driest(ref.11)have
carriedoutnwnericalcalculationsshowingtheeffectofheatingor
coolingonthecriticalReynoldsnumberatwhichtheboundarylayerbecomes
unstableto smalldisturbancesfortheflowof a gaspasta flatplate.
BothLeesandVanDriestpredictthecriticalReynoldsnuniberingases
tobe great~i.ncreasedbycoolingand~eatlydecreasedbyheating.
ButVanDriest’scalculationsshowmuchlesseffect,particularlyof
cooling,thando thoseofLees. Themethodemployedby aKlthesetheo-
reticalinvestigatorsisto introducea smallperturbationintothe
differentialequationsofmotion,discsrdtermsinvolvingdisturbances
to thesqusre,andthendeterminewhetherthedisturbanceincreasesor
diesoutwithincreasingtime. Thecurrenttheoryisthusconcernedwith
thepointatwhichthelsminarflowbecomesunstabletovsnishinglysmall
disturbances,butitisunabletopredicteitherthelocationofthe
transitionpointorhowa lanlinmboundarylayerbehavesinthepresence
of large&l@wrbances.
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Inanydiscussionoftransitionthedistinctionbetweenthetran-
sitionpointandthepointatwhichthelaminarflowbecomesunstableto
smallldisturbancesmustbe keptclearlyinmind. At thepointwherethe
lsminsrflowbecomesunstablethedisturbancespresentmaybe verysmall.
Inthiscaseturbulencewillnotappearimmediatelybutwillstartcon-
siderablyfurtherdownstreamafterthedisturbanceshavehadtimeto
amplify● Inthisdiscussionthepointatwhichturbulencefirstbegins
toappearandthevelocityprofil.ebeginsto changefromlsmhartotur-
bulentwillbereferredto asthetransitionpoint.Thepointatwhich
thelsminarprofilefirstbecomesunstablewillbe calledtheinstability
point. It shouldbenotedthat,iftransitionoccursby amplification
ofunstablewaves,thetransitionpoint-t lieator do~streamofthe
instabilitypoint.

Inmosttechnicalapplicationsthetransitionpointisof interest
ratherthantheinstabilitypoint.’15etheorycitedabovegivesno &&ect
informationaboutthetrmsitionpoint.Itdoespredict,however,that
theinitialamplificationofunstablewavesisinverselyproportional
totheone-fourthpoweroftheReynoldsnumberatthetestabilitypoint.
Thus,iftheReynoldsnumberattheinstabilitypointisincreasedby
cooling,onemightsurmisefromthetheorythatthetransitionReynolds
numberwouldbe increasedby anevengreatersmount.Sucha delayof
thetransitionReynoldsnuaiberwouldbe of considerablehportancein
manytechnicalapplications,sincetheheat-transferandfrictioncoeffi-
cientsdependstronglyonwhethertheflowislaminarorturbulent.Exsm-
pleswheredirectapplicationcouldbemadeinclude(1)cooledturbine
bladesor airfoilsections,(2)aircraftoil Coolersj(3) gm-t~bfie P~t
regeneratorsandintercoolers,and(4)thewingsof long-rangeaircraft.

Sincethecurrenttheoryof instabilityisunabletopredictMrectl.y
anythingregsrdingthetransitionpoint,itisnecessaryto resortto
experiment.Theprimsrypurposeofthepresentstudywasto investigate
thepracticalpossibilitiesof delayingtransition,andthusincreasing
thetransitionReynoldsnuder,by coolingtheladnarboundarylayer
inagas.

Thepresentinvestigationwascarriedotiintheentrancezoneof
a smoothroundtube.A tubewasusedprimarilyforsimplicity.However,
manyoftheimportanttechnicalap@icationsareactuallyof thisgeometry;
and,insddition,theflowneartheentranceof a tubebehavesmuchlike
thaton a flatplate.Theprincipaldifferencebetweenthetwoflowsis
thata favorablepressuregradientexistsfithetube. A secondaryobjec-
tiveofthepresentinvestigationwastomeasureandcorrelatethelocal
apparentfrictionfactorintheentrancezoneof a tube.

ThisworkwasconductedattheMassachusettsInstituteof ‘l?ecbnolo~
underthesponsorshipsndwiththefinancialassistsmceoftheNational
AdvisoryCommitteeforAeronautics.

/
— . .———__ —. — — -.-——
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SYMBOLS

cross-sectionalareaoftube

flowcoefficientof contractionnozzle

skin-frictioncoefficient,T
/
~#

‘2

diameteroftube

localapparentfrictionfactor,definedby theequation

meal
by

-4fm =

apparentfriction
theequation

-OJL/D
bfm~= ~

conversionconstantin

factorupto a sectionx = L, defined

o P~-P
4fm d: =

$V2

Newton’ssecondlaw

axiallengthfromentranceoftubeforwhichmeanappsrent
frictionfactor4?W isevaluated

staticpressureatsectionx

staticpressureatentrancetatube,thatis,at x=O

stagnationpressureinsti~ng chamber

volumeflowratethroughtestsection

diameterReynoldsnuaiber,basedon ttie
streamproperties,

/
povD~

lengthReynoldsnmiber,basedon length

diameterandon free-

fromttieentrance
andon free-streamproperties,

/Po= Vo

lengthReynoldsnumber,basedon lengthtiomtubeentrance
sndon fluidpropertiestakenat arithmeticmeanof stream
andwalltemperatures,pmvz/~



NACAm 3048 5

To

%7

u

‘c

v

x

z

Y

6

v

P

a

@

‘1?

Subscripts

o

m

stagnationtemperatureinsti~g chaniber

walltemperature

axialvelocityatanylocationx and y

axialvelocityinfrictionlesscore

meanone-dimensional.velocityin x direction,Q/A

axialdistancefromtubeentrance

propermeandistancex fora measuredvalueof localapparent
frictionfactor

radialcoordinateintestsectionmeasuredfromwall

boundary-layerthickness

coefficientofviscosity

massdensity

dimensionlessparsmeter,
I(x/D)/ReD= RexR~2

functionalrelation

shearstressatwall

:

free-streamcondition(essentiallythesameas stagnationin
thesetests)

meantakenatarithmeticaversgeofwallandstreamtemperatures

Specialterms:

Theterm‘Reynoldsnumber”

stated;R% isreferredto as

alwsysmeansRexl

“diameterReynolds

unlessotherwise

nuniber.”

Theterm“transitionpoint”meansthepointatwhichthevelociti
profilebeginsto devi~tesignificantlyfromthatof laminarflowas“
evidencedby a changeinthelocalapparentfrictionfactor.

Theterm“testabilitypoint”meansthepint atwhichthelaminar
profilefirstbecomesunstableto a vsnish~ smalldisturbanceof any
frequency.

——. —______ — —.
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DEX!RIPUONOF TESTAPPARATUS

A flowdi~am
maincomponentsare

ofthetestapparatusisshowninfigure1(a). The
theairsupplysystem,airheaters,stiIMngchamber,

testsection,andinstrumentation.AtnmsphericairwasusedinaU tests
emdwassuppliedtothetestapparatusfroma 12>pound-per-square-inch-
absolute,@O-cubic-foot-per-minutereciprocatingcompressordischarging
throughsnaftercooler,receivertank,andapproximatelylx feetof
2-inchpipe. Afterpassingthroughtwo12-kilowattairheatersinseries
andthrougha seriesofthreeshort-radiuselbows,theairwasbrought
intothestillingchsmber(fig.l(b))bymeansof a ~ conicaldiffuser
madeof sheetmetal.

Large-scsJ_edisturbanceswereremovedbya honeycotimadeof an
annulsrshelIltightlypackedwithaluminumtubesofhighlength-to-dismeter
ratio,designedtomainttilaminsrflowinandbetweenthetubesfor&U.
flowratesofthepresenttests.

Thehoneycotiwasfollowedby 15dsmpingscreensmadeofMonelscreen

solderedto annularringsof ~-inchinnerdi=ter.
2

Allthescreen

retainerssndthehoneycombshellwerecutfroma singlepieceof steel
ttiingsndreassenibledinsidea sectionof10-inchsteelpipewhichacts
as a pressureshell.A largenumberof screenswereemployedtomaintain
a lowturbulenceintensityattheentrancetothetestsection,eventhough
relativelylargedisturbanceswereintroducedby thevalves,airheaters,
sndelbowsintheupstreamflowsystem.Thescreenusedwasofmeshsize
and@e diametersuchthatitshouldnotshedvorticesforanyavailable
flowrateaccordingtothedataofreferences12,13, and14. Thestilling
chamberandpipingdownstreamfromtheheaterswerecoveredwith4 inches
ofFiberglasinsulationandsealedwitha coatofInsulag.Thiswassuf-
ficienttoreducethetemperaturedropbetweenthemainflowandthe
stilling-chaderwallto a fewpercentofthetotaltemperaturedifference.

Velocityandtemperaturetraversesweremadeattheexitplaneof
thestiU_ingchsmberbeforetheinitialassemblyofthetestsection.
Thevelocityprofilewasfoundtobe flattowithinlessthan2 percent
exceptintheboundsrylayerwhichetiended0.1to O.1~tichfromthe
wall. Thetemperatureprofilewasflatto approxhately1°F exceptin
theboundarylayerevenwhenthemostunevenheater-elementcombination
wasemployed.

Afterthetestshadbeencompleted,an attemptwasmadetomeasure
theintensityandscaleof @bulence h theexitplaneofthestilling
chaniber,butuptresmoftheboundsry-la.yersuctionslot.’15eonlyhot-
wireanemometerequipmentavailablewasdesignedforapplicationto flows
ofhigherturbulenceintensityandscale.Consequently,theactual.value
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of scaleintheapparatuscouldnotbemeasured,andtheintensitymeasure-
mentsexceptintheboundarylayerwerealmostentikelymaskedby the
randomelectronicnoiseintroducedby strayelectromagneticradiation.
Itwasfound,however,thatthescalewasconsiderablylessthan0.015inch
for-therangeof flowratesusedinthetests.Theturbulenceintensity
u’/U intheboundarylayeralongthestilIMng-chaniberwall,upstreamof
theboundary-layersuctionslot,wasfoundtobe approx5mate3.y0.003for
lowflowratesand0.02forflowratescorrespondingtothehighestused
jnthetests.Theturbulenceintensityinthecoreoftheflowwascom-
pletelymaskedby therandomnoiseoutputontheelectronicvoltmeterat
allflowrates.Iftheactualvoltageduetotheturbulenceistakenas
theorderoftheleastcountofth~voltmeter(saditwasapparentlynot
lsrgerthanthis),a valueof u’/U of 0.~5 to 0.001wasobtainedfor
thecore.

ltromthestillingchsmbertheflowpaasedthroughthecontraction
nozzle.The‘contractionwasachievedintwosteps:Thefirstfrom
9*to 3 inchesandthesecondfrom3 to 1~ inches.Eachstepwasdesigned

to avoidpxitivepressuregradientscompletely,usingthedataofRouse
andHasssm(ref.15).

Inthesecondgroupoftestsa boundary-layersuctionpiece
(fig.l(b)) wasinsertedbetweenthestilldn+gchamberandthecontraction
nozzle.It consistedoftworingsof24s-T4aluminummachinedtoprovide
a 0.125-inch-longhmmlary-layersuctionslotdesignedaccordingtothe
reconuaendationsofL&tin andBurrows(ref.16). Thesuctionflowwas
removedfromtheslotthrough12axiallysymmetricholessndwasledout
throughequallengthsof l/4-inchtubingto a header.llromtheheader
thesuctionflowwasdischargedto atmospherethrougha standsrdA.S.M.E.
flange-taporificeplateanda controlvalve.

Thetestsection(fig.l(c)),whichwassmoothlyjoinedto thecon-
tractionnozzle,wasfabricatedfroma pieceof seamlessbrasstubing
60 incheslong,witha 1.25-inchinsidediameterandO.125-inchwaXl
thiclmess.Thetestpipehad21wallstatic-pressuretapswitha diameter
of0.020inch.Exceptforthefirstfewtapsthespacing(seetableI)
wassrrangedto givea distancebetweensuccessivetapsof approximately
12percentofthelengthfromtheinletofthetestsection.Thetaps
werelocatedon a helixwith70°of arcbetweensuccessivetapssothat
no twotapslayonthessmeaxialline.AILtapsweremadewithextreme
careby fourstagesof alternatedrillingoftheholeandlappingoftie
insideofthettieto insurefreedomfromburs.Thetestttiewasfinally
polishedbrightinside.

Thetestsectionwasenclosedina tankwhichcouldbefilledwith
waterto controlthetest-tubewe.Utemperature.Thistsmkwasalsoslrp-
pliedwithairjetsto agitatethewaterandmaintainuniformtemperature.

——.——— --———.——. ..—
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Thepressuretapswereconnectedby a msnifoldsystemto a Foxboro
mi-axmmnometer.Themanifoldsystemhadtwoneedlevalvesinseriesin
eachlineandwassosrrsmgedthateachpressuretapcouldbe connected
to eithermanifoldbox.

Themassflowwasobttiedby measuringthepressuredropacross
thecontractionnozzleand,aaa check,bymeasuringthepressuredrop
acrossa standardA.S.M.E.flange-taporificemeterinstalledupstream
oftheheaters.A manometerw usedtomeasurethetotalpressurein
thestillingchsmber,andthetemperatureinthestillingchamberwas
measuredby iron-constantanthermocouples.

Forthecooledruns,threethermocoupleswereinstalledintangen-
tialslotsinthetubewallandwerecarefullysolderedover. In addi-
tion,threethernmcoupleswereusedformeasuringthetemperatureof
thecontractionnozzleandoftheshoulderjoiningthelatterto thetest
pipe.

FirstGroupof

TESTPROCEDURES

Runs(NoBoundary-LayerSuction)

Adiabaticruns.- Afterprel~ runsweremadeandtheleaks
hadbeenreducedto a satisfactorylevel,10runsatvariousvaluesof
R%. weremadeb determinetheadiabaticperformanceofthesystem.

In general,measurementsofpressuredropinthetubeweretakenin
setsof threeh sucha waythattwoofthemcouldbe checkedagainst
thethtid.Forexample,measurementsmightbe takensuccessivelybetween
taps1 and2,2 and3, andl and3. Thefirsttworeins werethen
addedto checkagdnstthethird.

Cooledruns.- In allcooledrunsa warmupperiodof approximately
4 hoursprecededtesting.Duringthistimetemperaturereadingswere
recordedapproximatelyeveryhalfhourandthevarioticontrolsadjusted.
Theah temperaturewasmaintainedconstantat a valueof approxhately
32>0F.

Despitetheradialslotscutinthesmallendofthecontraction
nozzleto serveasheat-fluxbarriers,itwasfoundinitiallythatend
conductionfromthetestsectionloweredthetemperatureoftheinner
wallofthecontractionnozzleto a valueaboutmidwaybetweenthatof
thecoolingwaterandthatoftheairstream.To eliminatethistemp-
eraturedifferential,electricalheaterswereinstalledon thecontrac-
tionnozzle,eachcontrolledthrougha separateVsriac.TheseVariacs
weretrtiedtomabtainthecontractionnozzleatessentiallyair-stream
temperature.
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Whenthermalequilibriumhadbeenreachedwitha givenflowrate,
supplypressure,andsupplytemperature,threecompletesetsof data
weretaken,eachwitha differentwalltemperature.Thethreewall
temperatureswereobtainedby fill@gthetanksurroundingthetestsec-
tionsuccessivelywithhotwater,air,andcoldwater.

Whenwaterwasusedasa coolant,a trickleof airwasbtibledthrough
asa stirringdevice.To checkthattheagitationassociatedwiththis
stirringdidnoteffecttransition,theairwasturnedon andoffseveral
timesandmeasurementswererepeatedatpointsneartheendofthelaminar
zone.Thiswasdoneinseveralrunsandwithamountsof stirringcon-
siderablygreaterthannormallyused. No shifth thetransitionpoint
wasfound.

In
forthe
suction

SecondGroupofRuns(Boundary-LayerSuction)

thesecondgroupofrunsallprocedureswerethessmeasdescribed
firstgroup;but,inaddition,theflowthroughthebounda&y-layer
slotwasheldconstantin

Accuracy

Thefollowingtablepresents
intermsofuncertaintyintervals

eachrun.

ofResults

thepercentageaccuracy
basedon 20-to-lodds.

theoddsare20to 1 againstthepercenterrorinanyone

of theresults
Thismeansthat
valueof a result

exceedingthestatedpercentage.Forexample,theoddsare20to 1 that
theerrorinanyonevalueof Rex neartheentranceatlowflowsdoes

notexceed3 percent.Theuncertaintyintermibgivenbelowhavebeen
foundfroma combinationof statisticsandjudgement,andtheyshouldbe
regardedasbestestimatesratherthanabsolutevalues.A morecomplete
descriptionofthismethodof erroranalysisisgivenbyIUlneand
McClintock(ref.17).

Uncertaintyintervalfor20-to-loddsas a
percentofresultsforwhichspecified

Result Lowflowrates Highflowrates -

Nearentrance Nearexit Nearentrmce Nearexit

R% 3 2 3 1
4fApp 5 2 5 2

4fAPP(%) 6 3 6 2

a
R% 3 2 3 1

— .–—. —.. __ -—-
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EFFECTOF COOLINGON TRANSITION

BehaviorofFlowinEntranceZoneof SmoothRoundTubesat

HighReynoldsNimibers

ShapiroandSmith(ref.18),investigatingthelocalapparentfric-
factorintheentrancesectionof smoothroundtubes,founda zone
theentrancetieretheboundarylayerwaslaminarandwherethegen-
behaviorwaslikethaton a flatplate.TheLaminsrzone,inwhich

thelocalapparentfrictionfactorvariedinverselywiththesquareroot
of thelengthReynoldsnumber,extendedto lengthReynoldsnumbersbetween
100,000and~0,~0 . Aftera rapidincreasethroughthetransitionregion,
thelocalapparentfrictionfactorthendecreasedsgain[approximately
inverselywiththeone-fifthpowerof Rex)intheturbulententryzone
snd,asthevelocityprofilebecamestationary,finaldyapproachedthe
K6r&n-Nikuradsefrictionfactorforfullydevelopedturbulentpipeflow.

It shouldbe notedherethatthelocalappsrentfrictionfactor
fAPP is identicalwiththeskin-frictioncoefficientforfullydeveloped

pipeflowbutdiffersfromthelatterneartheinletof a pipe. The
velocityprofileintheentrancezoneof a tubechangesastheflowmmes
downthetube,thuscausinga pressurechsmgeduetothechangeinthe
momentumfluxfromsectionto section.Sticethesquarevelocityprofile
atthetubeinlethaslessmomentumfluxthananyotherprofileforthe
sameflowrate,themomentumchsngesinthe
inpressureoverandabovethatdue to skin
frictionfactor,definedby theequation

entri.ncesectioncausea drop
friction.Thelocalapparent

isthesumofthepressuredropsduetomomentumchangeandto skinfric-
tion. It isalways~eaterthanthesti-frictioncoefficientinthe
laminsrentrancezone.

Intheexperimentsreportedhere,theReynoldsnumbersatthetran-
sitionpointforadiabaticflowvariedfrom~,000 to over3,750,000.
Thislargemiation wasdue(1)tothechangeinthedisturbsmcelevel
ofthestreamastheflowwasaltered,(2)to certainmodificationsthat
weremadebetweenthefirstandsecondgroupsofruns,and (3) to the
useofboundary-layersuctioninthesecondgroupofruns. Thedistinc-
tionbetweenthefirstandsecondgroupsofrunsisthatthejointsin
thecontractionnozzlewerefurtherlappedandtheboundary-layersuction
appsratuswasaddedbetweenthetwo~oups ofruns. Inthefirstgroup
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ofrunsnoboundary-la~rsuctionwasused;inthesecon?igroupofruns
severalconstantvaluesofboundary-hyersuctionflowwereemployed.
Sincetheadiabaticperformanceof thesystemwasnotthesameinthe
firstandsecondgoupsofruns,itisnecessaryto describethetwo
groupsofrunsseparately.Inthefollowingdiscussiontheadiabatic
performanceofthefirstgroupandthenof thesecondgroupofrunswill
be described.Thiswillbefollowedbya discussionof theresults
obtainedinthecomp=ablecooledruns.

AdiabaticPerformance

Ftistgroupofruns noboundary-layersuction).-Theadiabatic
characteristicsofthesystemforthefirstgroupofrunswithnoboundary-
layersuctionaresho%minfigures2(a)to 2(c). Thesearealllog-
arithmicplotsof apparentfrictionfactoragainstfree-streamReynolds
number.Thepotitsshownintheseplotswerecomputedfromthedataas
describedinappendfiA.

Thepointwheretransitionbeginsistakentobe thepointatwhich
thedatadeviateappreciablyfroma straightlinewitha slopeof approx-
imately-1/2.In figure2(a)itwillbe seenthatthispointoccurs
between475,000aud550,030andincreasesasthediameterReynoldsnumber
decreases.Infigure2(b)thetransitionReynoldsnumbervsriesfrom
1,600,0~to somethinggreaterthan2,3C0,000jagainincreasingwith
decreasingdismeterReynoldsnumber.

Alltheadiabaticdatafromthefirstgroupofrunsareshownin
figure2(c). Thisfigureclearlyshowsa suddenjumpinthevalueof
thetransitionReynoldsnumberoccurringata dismeterReynoldsnuder
of dbout65,000.At thissameflowratean audiblepulsationwitha
frequencyof approxhately2 cyclespersecondoccurredintheflowaud
couldalsobe observedonthemanometers.Forallflowratesbelowthat
ofpulsationthetrasitionReynoldsnumberwasoftheorderof 2x 106;
forallflowratesator abovethatofpulsationthetransitionReynolds
numberwasoftheorderof 5 x 10>. @e
tionReynoldsnumberwithincreasingflow
of thetunnelsystemupstreamofthetest
numberatwhichvorticeswereshedor the
Thiswouldinturnproducean increasein
entranceanda consequentdecreaseinthe

suddendecreaseinthetransi-
wasattributedto someportion
pipereachinga criticalReynolds
bounderylayerbecameturbulent.
disturbancelevelatthetube
transitionReynoldsnumber.

It isbelievedthatthepulsationobservedwascausedby a phenom-
enonsimilarto thatwhichaccountsforthewell-lmown“spurting-jet”
experiment,namely,thatina certainrangeof supplypressurethereis
no steadyflowpossiblebecausethechangefroma laminarto a turbulent
boundarylayermayproducea discontinuityinthecurveofheadloss
againstflowforthesystem.

—- —.— .—- —— _..
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describedabovealJ_owedtestsofthe
todifferentlevelsofdisturbancein

Second~oup ofruns boundary-layersuction).-Thesecondgroupof
runswasundertakento determinewhethertheeffectsof coolingontran-
sitionhadbeenmsskedinthefirst.~oup ofrunsowingto thepresence

—

of a slightthermalboundarylayerandto anundulyhighinitialdisturb-
ancelevelintheboundarylayer.Forthispurposetheboundary-layer
suctionapparatusdescribedpreviouslywasconstructedandinstalled.
In therequireddisassetilyitwasfoundthatsomeoilresidueanddirt
hadaccumulatedonthespacerretainingthescreenringsjustaheadof
thecontractionnozzle.Itwasalsonoticedthata discolorationhad
occurredinonezonejustbehindtheJointofthetesttubetothecon-
tractionnozzleandthattheconvergingportionsofthenozzlehadaccu-
mulateda thinfilmof sludgeandveryfinedirtparticles.Allofthis
dirtwasremoved.Inaddition,bothjointsinthecontractionnozzle
werefurtherlapped.Theentirecontractionnozzleandtestsection
werethenpolishedbrighton theinside.At theendofthisoperation
neitherjointcouldbe foundby touch.

Theadiabaticperformanceofthesystemduringthesecondgroupof
IIIIISiS showninfigures3, k(a), andh(b). me behavj.orofthesystem
wasfoundtobe differentforeachof severalrangesof flowrate. The
firstrangeextendedup to a flowratecorrespondingto a tismeterReyn-
Oldsnuniberof .appro*tel-y@,mo. h thiszonelsminarflowextended
downtheentirelengthofthetubeforallratesofboundary-layersuc-
tionflow. InrunD-2,ata dismeterReynoldsnumberof78,cQ0,it isseen
fromfigure3 thatlaminarflowextendedto a Reynoldsnumberof atleast
3.75x 106. RunD-2wastakenwithspecialcareusingvirtuallyalltap
combinationstoprovidea checkon tapperformanceandto obtainthe
bestpossibleapparentlocalfrictionfactorsforthelaminarentrance
zone.Theappsrentlocalfrictionfactorsmeasuredinthisrunare
believedtobe thebestobtained,notonlybecauseofthecareusedbut
alsobecausetheflowratewashighencmghto giveverygoodprecision
ofmeasurementinthepressuredropsforallbuta fewpointsandalso
becausetherewasno turbulentflowanywhereinthepipeto actasa
disturbinginfluence.

ForflowratesintherangeofReynoldsnumberfrom85)000to lCX),000
anaudiblepulsationagainoccurredinthesystemata frequencyof a~rox-
imately2 cyclespersecondifnoboundary-layersuctionflowwasused.
Thepulsationpersistedover a wider r~e off~ws t~ mat fitheftist
groupoftests.

At flowratesabovethepulsationzonethetransitionpointoccurred
at a lengthReynoldsnumberof approximately7C0,000whennoboun -
layersuctionwasapplied,as shownby thecurvesmarkedQ

7suction~est= o
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infigures4(a)and4(b).Applicationofboundary-layersuctioninthe
zoneofflowratescorrespondingtodiameterReynolds“nmibersfrom85,000
to 125,000broughtabouta markedincreaseintransitionReynoldsnumber.
Thiseffectisshowninfigures4(a)and4(b)wherethetransitionRep-
oldsnumberisincreasedfrom700,000to 1.8x -LOGby applicationof
boundsry-1.ayersuction.Ingeneral,thereisanoptimwnsmountof
boundary-layersuctionflowwhichgivesthegreatestReynoldsnumberat
thetransitionpetit;although,foranysmountof suctionflowgreater
thana certaincriticalsmount,thechangeinthetransitionReynolds
nunberwithvariationsinsuctionflowwasnotsignificantinthissystem.

Inthezoneof flowratesgivinga pulsationwithnoboundary-layer
suctionflow,theapplicationofanyamountof flowthroughtheboundsry-
layersuctionslotgreaterthanthecriticalsmountwouldeliminatethe
pulsationinthemainflowentirely.Inthezoneofflowratesgreater
thsmthatatwhichpulsationsoccur,butlessthanthatfora diameter
Reynoldsnumberof 125,000,applicationof increasingamountsofboundary-
la.yersuctionflowwouldfirstcauseno change,thenwouldbringabout
a pulsation,audfinallywouldelhinatethepulsationagain.Thisseries
ofeventswasaccompaniedineachcaseby an ticreaseinthetrmsition
Reynoldsnumberfromapproximately7C0,030to 2,~0,000.Thisisa good
verificationofthetheoryproposedpreviouslyto explainthesuddenjunrp
inthetransitionReynoldsnuniberencounteredinthefirstgroupoftests.

Demarcationoftransitionpoint.-Inexaminingfigures2 to 4, it
willbe noticedthatinsomeinstancesthefrictionfactorfirstdeviates
downwardfromthelsminarlinebeforeincreasingtothe,”turbulentvalue.
Inotherinstancesitfirstrises.Thedownwarddeviationisundoubtedly
duetothemomentumdecreaseassociatedwiththeonsetoftransition.
Thisbeliefisstrengthenedby thefactthatthedownwarddipisalways
morepronouncedforthoserunswherethetransitionReynoldsnumberis
higher.Forthesecasestheboundarylayerwouldbethicker,anda
changeinthevelocityprofilewithtitheboundarylayerfroma bminar
typeto a turbulent$ypewouldproducea greaterdecreaseinmomentum
fluxandthuswouldtendtoproducea greaterdecreaseintheappsrent
frictionfactor.

Thetransitionpointinthepresenttestshasbeentakenm the
pointwheretheapparentfrictionfactordeviatesfromthestraightline
of laminsrfloweitherupwardordownwardonthelogarithmicplotsof
4fm againstRex. Thispointishardtodetermineexactlybecauseof

theuncertaintyinthedataandofthefinitenuniberoftaps. Obsema-
tionofthefigureswillshow,however,thattheonsetoftransitionis
definedinmostcasestowithin10oratmost20percent.Tobe tech-
nicallysignificantas a meansforcontrollingtransition,cooMngwould
havetodelaytrsmsitiontotheextentt~t theReyno~ numberatthe
beginningoftransitioninthecooledcasewasatleast1*or 2 times

thevaluewhichoccurredinthecomparableadiabaticflow.An uncertainty

—.— .——.— —— —.—____
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in R% of even20 percentis,therefore,satisfactoryforthepresent
purpose.

ResultsforCooledRuns

Theresultsofthefirstgroupofruns,withoutboundsry-layersuc-
tion,sreshowninfigures~(a)to 5(j).Theresultsofthesecondgroup
ofruns,withboundary-layersuction,me shorninfi~es 6(a)to 6(d)”
Eachgraphshowsa seriesofrunswithallvariablesheldconstantbut
walltemperature.AM_thedataarepresentedintwoways. Forthefirst
groupofrunsfigures5(a)to 5(e)arelogarithmicplotsof localapparent
frictionfactoragainstfree-streamReynoldsnuniber,whilefigures~(f)
to 5(j)arelogarithmicplotsof thesamedatashowinglocalapparent
frictionfactoragainstmeanboundary-layerReynoldsnuder. Similarly,
forthesecondgroupofrunsfigures6(c)and6(d)showthesamedata
asfigures6(a)and6(d)butfigures6(c)and6(d)areplottedonthe
basisofmeanboundary-layerReynoldsnumberinsteadoffree-streamReyn-
oldsnumber.

Thegraphsshowninfigures5 and6 covera rangeofdiameterReyn-
oldsnunibersfrom50,~0to106~000andincludecasesshowingReynolds
numbersatthetransitionpointinthetiabaticflowfrom500,000to
l,m,mo. Allofthesegraphsshowthessmemainresults:(1)The
free-streamReynoldsntier oftransitionisnotsignificantlychanged
by cooling,and(2)themeanboundary-layerReynoldsnumberoftransition
isusuallyincreasedby cooling.Themaximumincreaseinthemeanboundary-
layerReynoldsnumberoftrsmsitionisoftheorder75percentforan
appliedtemperaturedifferenceof.2700F anda ratioofwallto stream
temperatureof0.66. ‘Jheincreaseinmeanboundary-layerReynoldsnumber
atthetransitionpointindicatesau increasedstabilitydueto cooling,
aswouldbe predictedfromthecalculationsofLeesandVanDriest.But
thetemperature-viscosityrelationissuchthatinthesecasesthefree-
streamReynoldsnumberoftransitionisnotsignificantlychanged.Ina
fewcasesitwillbeobservedthatthefree-streamReynoldsnumberatthe
transitionpointisactuallydecreasedslightlybycooling(e.g.,fig.6(b)).

Fromthedesignpointofviewthesignificantquantityisthefree-
stresmReynoldsnumberoftransitionbecausethisdeterndnesthephysical
locationofthetransitionpoint.Whilecoolingappearsto increase
slightlytheboundsry-layerReynoldsnumberoftransition,theneteffect
on thephysicallocationofthetransitionpointishardlydiscernible
becauseofthecompensatingeffectofthechangeinboundary-layer
viscosity.

Fortheflowofairpasta flatplateat~ch nmnbersbetweenO
and0.5anda ratioofw= to streamtemperaturesof0.66,Lees(ref.10)
predictsan ticreaseintheminimumfree-streamReynoldsnumberatthe
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instabilitypointof approximately2,000timestheReynoldsnumberat
theoriginalinstabilitypoint.Forthesameconditionsthecalculations
ofVanDriest(ref.11)showan increaseofapproximately~ ttiesin
theminimumvalueofthefree-streamReynoldsnumberattheinstability
point. SincethistemperatureratioandMachnumberwereobtainedin
thepresenttests,thereisapparentlylittleifanycorrelationbetween
thecalculationsofLeesandVanDriestontheinstabilitypointandthe
behaviorofthetransitionpointfoundinthepresenttests.

Inorderto interprettheseresultsmoreflilly,theworkof other
experimentalinvestigatorswhichisnowavailablewillbe summarized.

SummaryofOtherData- EffectofHeatingandCoolingon ‘Ihnsition

Thereappeartobe onlytwopublishedworksontheeffectof cooling
ontransition.Scherrer(ref.19)investigatedtheeffectof cooling
forairflowpasta 20°coneatMachnumbersof1.5and2.0. At a Mach
numberof 1.50transitionwasdelayedby almostlCQpercentthroughthe
applicationof 60°F to90°F of coolingata ratioofwalltofree-
streamtemperatureof 1.04.FortheseconditionsthetheoryofLees
(ref.10)predictsan infinitevaluefortheminimumReynoldsnuniberat
theinstabilitypetit.At a Machnumberof 2.0Scherrerfoundan increase
inthefree-streamReynoldsnumberatthebeginningoftransitionof
approximately70percentwith40°F to 50°F of coolingsmda ratioof
wallto streamtemperatureof0.923.Lees’theorypredictstheReynolds
numberattheinstabilitypointtobe infiniteforthiscase.Thetran-
sitionReynoldsn berforadiabaticflowintheseexpertientswasmeas-

Yuredas3.75x 10 .

Mona@anandCooke(ref.20)foundan increaseintransitionRe~-
oldsnumber,owingto cooling,ofroughly50percentforairflowona
flatplateata Machnumberof 2.43,theadiabatictransitionReynolds
numberbeing~0,000. Theamountof coolingsuppliedwasagainenough
to givean infinitevaluefortheReynoldsnumberattheinstability
pointaccordingtoLees’calculations.

Sincethesecoolingdatasremeager,theavailabledataontheeffect
ofheatingwillalsobe summarizedhere.

Scherrer(ref.19)investigatedtheeffectofheatingontransition
forflowof airpasta 20°coneata Machnumberof 1.53.At a total
pressureof 21poundspersqusreinchabsolutea decreaseof approximately
20percentintransitionReynoldsnumberwasobservedwhenthesurface
temperatureoftheconewasincreasedfromapproximately180°F to 220°F.
No comparableadiabaticdatawerereported,butextrapolationoftheir
dataindicaesanadiabatictransitionReymoldsnumberoftheorder

tof 1.7x 10 . At a totalpressureof 14.8poundspersquareinchabsolute

— .—— ..—— .—— ___ —.—z —.——
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a decreaseof approximately10percentwasobservedinthetransition
Reynoldsnuder asthesurfacetemperaturewasincreasedfrom16OOF
to 2200F. Againnocomparableadiabaticdataaregiven,butextrapola-
tionyieldsanadiabatictransitionReynoldsnumberofroughly1.4x 106.

MonaghanandCooke(ref.20)observedtheeffectofheatinginair
on a flatplateata Machnumberof 2.43.Fora ratioofwall to stream
temperatureof1.37theyfounda decreaseintransitionReynoldsnumber
of 36percent.At a ratioofwallto stresmtemperatureof 1.6othey
founda decreaseintransitionReynoldsnumberof41percent.Inboth
casestheadiabatictransitionReynoldsnumberwas5m,000. me observed
effectsofheatingontransitionwerefarlessthsatheeffectspredicted
by thetheoryforthechangeinthepint of laminarinstability.

HigginsandPappas(ref.21)investigatedtheeffectofheatingon
a flatplateinairat a Machnumberof 2.40. Theyfounda decreaseof
only~ percentinthetransitionReynoldsnumberfora ratioofwaU
to streamtemperatureof 2.86,whichisfarlessthanwhatmightbe antic-
ipatedfr~ thetheory.TheadiabatictransitionReynoldsnuniberwas
1.25X 10 .

LiepmannandFila(ref.22)investigatedtheeffectofheatingfor
airflowon a flatplateatessentiallyzeroMachnumber.Twoturbulence
levelswereused. ‘1At”aturbulencelevelof u ~= O.COO~a decrease
of 28percentinthetransitionReynoldsnumberwasobservedfora ratio
ofwallto stresmtemperatureof 1.43.Forthesame~atioofwallto
streamtemperatureanda turbulenceintensityof u’/U= 0.0017,a decrease
of40percentwasobserved.InbothcasestheadiabatictransitionReyn-
oldsnuniberwas~,000. ThissurprisinglylowvalueoftransitionReyn-
oldsnumberattheseturbulencelevelswasattributedby theauthorsto
theeffectoftransversecontamination.ForthistemperatureratioLees’
theory(ref.10)predictsa decreaseintheReynoldsnumberattheinsta-
bilitypointofroughly~ timessndthatofVanDriest(ref.11)pre-
dictsa decreaseintheReynoldsnumberattheinstabilitypointof
approximatelytwelvefold.

lhplicationsofResults

lkternalflows.-Thepresentresultsindicateclesrlythatno sig-
nificantchangeintheReynoldsnumberatthetransitionpointcm be
expecteddueto coolinginnormalinternalflows.Inmostinternal
flowslargedisturbancessrepresent.Undertheseconditionscooling
seemstobringaboutlittlechangeintheReynoldsnumberatthetran-
sitionpoint.

Inthepresentinvestigationtheturbulencelevelwasconsiderably
belowthatnormallyencounteredin internalflows,butno significant



NACATN~48 17

effectof coolingwasfound.It is,of course,possiblethatan effect
wouldbe foundintestswithstilllowerturbulencelevels,butthe
difficultiesinvolvedinproducingtheselowturbulencelevelswould
makesuchtestsinapplicableforsdmostallpracticalsituations.

.
Generaltheoryoftransitionl.-IYomtheforegoingdiscussionof

thepresentresultsandtheresultsofotherinvestigatorstwomajor
pointsconcerningthelocationofthetransitionpointereevident:
(1)Theamountofdisturbancepresenthasa strongeffecton theReynolds
numberatthetransitionpoint;(2)heatingor coolingcreatesa change
inthetransitionReynoldsnumberinthedirectionindicatedby thetheo-
reticalcalculations,butthequantitativeeffectisalwaysat leastone
orderofmagnitudelessthanthepredictedshiftintheReynoldsnumber
oftheinstabilitypoint.b addition,a thirdpointappearswhichis
notyetconvincinglyproved,namely,thatthepercentagechangeinthe
transitionReynoldsnumberdueto a givensmountofheatingor cooling
increasesaEthetransitionReynoldsnumberforadiabaticflowincreases
(i.e.,astheinitialdisturbanceleveldecreases).

Inthepresentteststhedisturbancelevelof thetunnelincreased
withincreasingflow,causinga decreaseinthetransitionReynoldsnum-
berfrom3.75x 106 to4X 105. Thisdisturbancelevelisnota simple
functionof onevariablebutappearsto dependstronglyontheturbulence
inthefreestreamandintheboundarylayerofthestillingchamberas
wellasonthesmoothnessandcleanlinessof thejointsandpressure
tapsinthetestsection.Randomexternalnoiseandrandomagitation
ofthewateraroundthetestsectionseemedtohavelittleor no effect.
ShapiroandSmith(ref.18)foundsimilarresultsfora tube,although
thedisturbancelevelsoftheirtestswereapparentlylarger,givinga
rangeoftransitionReynoldsnumberfrom1 x 105to 5 X 105. Similarly,
on a flatplate,Schubauer’andSkramstsd(ref.5),aswellasmanyother
obseners,foundthatthetransitionReynoldsnunibercouldbe increased
by a factorofmorethan40timesby reductionof thedisturbancesin
theflow. Itmaybe recalledthatno investigatorspriortoSchubauer
andSkramstadhadfoundexpertientalevidenceof To12mien-Schlichting
typeoscillations,apparentlybecauseofthehighdisturbancelevelsof
theearlytests.~ suchcases,aEnotedbySchubauerandSkramstad,
thelsrgedisturbancesdistortanypossiblemeasurementsof TolJmien-
Schlichtingwaves.And,sincethecurrenttheorydealsonlywithvery
smalldisturbances,thereisatpresentno experimentalor theoretical
informationconcerninghowtransitionisbrowhtaboutwhenlargedisturb-
ancesarepresentintheflowexceptthatof Taylor(ref.23)which
dealsonlytiththeeffectoffree-streamturbulenceandisbasedon a
suppositionconcerninga relationbetweenseparationandtransition.

his sectionwasreadinadvanceby ProfessorC. C.Linwhogen-
erouslymadeseveralhelpfulsuggestions.
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importantqpestionsremainunanswered.First,isthe
transitionisbroughtaboutinthecaseof lsrgedis-’ -
asthatwhenonlyvanishinglysmalldisturbancesare

present?Thisismoreor lessthessmeas askingwhetherthenonlinear
termsofthedifferentialequationbehaveinthesamefashionasthe
linesrtermswhichhavealreadybeeninvestigatedtheoretically.Secondly,
ifthemechanismisessentiallythesameforlargedisturbancesasfor
small,isthezoneinwhichlargedisturbancesareamplifiedthessmeas
thatforsmalldisturbances?

Thesequestionsarerelatedto thequestionofmetaslxibilityof a
givenprofileasopposedto completestability.A knownexsmpleof a
metastablebehavioristhatofPoisseuilleflow.Manyexperimentshave
establishedthefollowingfactsconcerningPoisseuilleflow.Forall
dismeterReynoldsnumberslessthanapproximately2,000thePoisseuilJe
profileis completelyslxible,returningto landnarflowevenifgreatly
disturbed.FordismeterReynoldsnurribersabove2,000theflowisgen-
erallysaidtobe “unstable.” ButtheactualvalueofdiameterReynolds
numbertowhichlaminarflowpersistsdependsstronglyonthelevelof
disturbancepresent,thediameterReynoldsnuniberoftransitionseeming
to increasecontin~y astheamountofdisturbanceisdecreased.Such
a conditionwouldmoreproperlybe referredto asmetastable,inasmuch
astheoreticalstudiesofthestabilityofthePoisseuilleprofileIn
thepresenceofvan.isMnglysmalldisturbanceshavethusfarfailedto
showan instability.

Admittedly,noproperconclusionsregardingtheflat-platetran-
sitioncanlogicallybe drawnby analogytothePoisseuillecase,since
fromthepointofviewof stabilitythetwoflowsarequitetifferent.
However,thereremainsthepossibilitythata similarsituationregarding
metastabilityexistson a flatplate;anditisentirelyconceivablethat
a small,yetsufficientlylarge,disturbancecancausetransitionona
flatplateby a mechanismunrelatedto thepresentsmall-distmbance
theory.

Anotherquestionremainingunansweredbythepresenttheoryisthe
interactionofvariousdisturbancesin causingtransition.Thatsuch
effectscanbe important was demonstratedby Liepmann(ref.7)whoshowed
thatthesuperpositionof a relativelysmallamountofnoise,whichby
itselfwouldhavehada smaIleffect,wassufficientto causea large
effectontransitionatthetrailingedgeof a singlebump.

Thepresentresultsontheeffectof cool- ontransition,aswell
astheresultsof otherinvestigatorssumnarizedabove,tendto emphasize
theincompletestateof thepresentknowledgeonthissubject.Thisis
particularlytruewithregsrdto thepossibilityof othermechanismsof
transitionapartfromthatwhichhasbeensowelldermmstratedbythe
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theoreticalworkofToldmien,Schlichting,Lin,andotherinvestigators
sndtheexperimentalworkofSchubauerandSkramstadandofLiepmann.

It shouldbe keptinmindthatthepresentresultsdo notmeanthat
thecurrenttheoryof instabilityisnecessarilyinerror.Buttheresults
of calculationsconcemm theWtabilitypointmustbe appliedwith
extremecaution,ifat all,tothepredictionoftransition.However,
thepresentresultscoupledwiththeresultsofotherinvestigatorsdo
indicatethatconsiderablefurtherstudyisneeded,particularlyonthe
subjectofnonlinesreffectsandotherpossiblemechanismsof transition.
Theimportanceof suchstudyisemphasizedbythethreeunansweredques-
tionsdiscussedabove.Itwillbe notedthateachof thesequestionsis
concernedwithanessentiallynozilineareffect,anditisunlikelythat
stabilitytheorycanbe usedto anymarkedextentinpredictingtransi-
tionuntilatleastqualitativeanswersareavailableto allthreeof
thesequestions.

Finally,itshouldbe mentionedthatthepresentresultsmaynot
be exactlyapplicabletoa flatplateforthefollowingreasons:

(a)Thereisa favorablepressuregradientinthetube,whichin
itselfisstabilizing.Quitepossiblythestabilizingeffectsof cooling
mightbe smallerinthecaseof a favorablepressuregradientthanin
thecaseof zeropressuregradient.

(b)Therearesomethree-dimensional(axisymmetric)effectsinthe
tube. Theseeffectsarebelievedtobe verysmallinthepresenttests
becausetherangeofvariableswassuchthattheboundary-layerthickness
wasverysmallcomparedwiththepiperadius.

(c)Becauseof convectioncurrentsowingto temperature.gadients,
theremayhavebeenslightdeparturesfromconditionsofaxialsymmetry
inthepresentexperiments.Sucha threedhensionaleffectwouldtiost
certainlyhavea destabilizinginfluence.Untilfurtherexperimentsare
performed,thesignificanceofthisfactorcanonlybe speculatedon.

LOCALAPPARENTI!RICTIONFACTDRINIAMINMR

ENTRANCE~NE OF SMJOTHROUNDTUBES

ReviewofExistingTheories

Thepresentresultsconvincinglydemonstratethatthehypothesis
ofShapiroandSmith(ref.18)concerningtheestablishmentof a laminsr
boundarylayeranditssubsequenttransitionto a turbulentlayerinthe
entranceofa tubeathighReynoldsnunibersiscorrect.Thepresent

..—.—— .———— ——
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resultsalsoshowthatthislaminarlayercan,by reductionofthedis-
turbancelevel,be extendedto considerablygreaterReynoldsnumbers
thanwouldnormallybe expected.

Thereareatpresentseveraltheoriesconcerningthevelocitypro-
filesandapparentfrictionfactorsfortheentranceof a tubeinlaminar
flow. Theoldestoftheseisbyl?msstiesq(ref.24). Thissolutionhas
longbeenknownto givepooragreementwiththedatainthezoneverynear
theentrancesndis,therefore,oflitt~ We h thePresentwork.

Thesecondwork,by Schiller(ref.25),givesgoodagreementwith
thefrictiondatabutpredictsentrancelengthsthataresomewhattoo
short. SchilJer’ssolutionisbasedontheassmptionof a parabolic
velocitydistributioninthezoneneerthewalJjoinedsmoot~ to a core
whichisunsffectedbyviscosityandhasa constantaxialvelocity.~is
isequivalenttotheassumptionof a boundarylayeranda meanflowcor-
relatedin sucha wayasto satisfycontinuity.Thissolutionshouldbe
verygoodneartheentrancetotheme wherethelayeraffectedby vis-
cosityiS thin.

Atkinson

7

andjoineit
u = (x/D)R%

andGoldstein(ref.26)modifiedthesolutionofBoussinesq
to a solutionintheformof a seriesexpansionat
= 0.0075.

(ref.27)developeda completesinglemathematicaltheory
whichgivesreasonablevaluesofentrance

In appentiB ispresenteda newand
tionbetweentheappsrentfriction
coefficienton a fl& plate.

Correlationof

AU ofthetheoriesmentioned
intheform

factor

lengthandvelocityprofiles.

simpletheoryyieldinga rela-
ina tubeandtheskin-friction

PresentResults

aboveyieldresultswhichmaybe put

where @ denotesa functionalrelation.Inotherwords,thepressure
dropfromtheentranceto anyotherpointdependsonlyonthecombined
parsmeter

/
RexR~2, ratherthsnontheindividualparametersRex and

R%. A plotof 4~~(L/D) againstu shouldthusyielda correlation
of themeanapparentfrictionfactorforalltubesatallflowrates.
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Inthecaseofthelocalapparentfrictionfactora differentgen-
eralizedcorrelationmaybe obtainedfromtheforegoingrelation.Since

itfollowsby d3-fferentiationthat

[ (14fwp = d 47”P :
d(x/D)

Then,differentiatingtherelation

andnotingthat

x/D,onegets

4fw

=047 IJ=
D

R% is constantduringdifferentiationtithrespectto

[1d f?(cr).+ [(]pa =& #’(a)
= d(x/D) d(x/D) ReD

A plotof (4fH)R~ againstu

localapparentfrictionfactors.

shouldthereforecorrelatea12the

Infigure7(a)alloftheadiabaticdatainthelaminsrzoneare’
plottedinthismanner.It isseenthatd-lthedataliewithin*7per-
centandthat95percentofthedatalietithin+5percentofthel~e

(eI))givenby theexpressionR 4fNp = 6.@/$5. This5-percentscatter

iswhatwouldbepredictedfromtheuncertaintyintervalgiveninthe
tableinthesection“AccuracyofResults.”.Infigure22(a)theopen
points,representingtherunsathighdiameterReynoldsnurtibers,and
theclosedpoints,representingtheIUIZat~wer ~~eter Repoldsn~-
berscorrelateequallywell. Themethodof correlation,therefore,
appearstobe satisfactory,butitmustbe testedovera widerrangeof
diameterReynoldsnrmbersbeforeitcanbefinallyaccepted.

A furthercheckonthecorrelationisshowninfigure7(b)inwhich
themeanlineofthedatagivenby

()
ReD4fH = 6.wfi is compsxed

withthepresenttheoryandwiththatofSchilleraswe12aswiththe

—.
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pointsfromrunD-2andwiththedataofShapiroandSmith(ref.18).
Thereisgoodagreementthroughout.

Itwillbenotedfromfigures~(f)to ~(j),6(c),and6(d)thatthe
adiabaticandthecooleddataforthelocalappsrentfrictionfactorIn
thetier zonecanbe correlatedon a singlelineby theuseofthe
meanboundary-layerReynoldsnuder,whereastheuseofthefree-stream
Reynoldsnumberproducessizabledeviationsbetweentheadiabaticand
cooleddataas shownbyfigures5(a)to ~(e),6(a),and6(b). Theuse
ofthearithmeticmeanofthetemperatureasa basefortheboundsry-
layerReynoldsnumberappearsthereforeto giveentirelyadequate
correlationofthecooledandadiabaticdata. Thecorrelation
4fApp[ReDj= 6“87/fi forthelocalappsrentfrictionfactorcanthus

be usedwhenthestresmis coolediftheReynoldsnumberisb~ed onthe
propertiesatthearithmeticmeanof streamandwalltemperatures.It
willprobablyapplywithreasonableaccuracytoheatingaswell.

In orderto compsretheresultsshowninfigure7(b)withthetheories
ofAtkinsonandGoldstein,ofLan@aar,andwiththecompletetheoryof
Schiller,theequationsinfigure7(b)wereintegratedanalytically.
Theresultsoftheseintegrationstogetherwiththeothertheoriesare

~p(L/D) againstu. It isseenthatshowninfigure8 asa plotof 4T

allthetheoriesexceptthatofLan@aaragreewellwiththeintegrated
extrapolationofthedataup to u = 0.005.Forlargervaluesof u
thetheoriesofSchilIler,ofAtkhsonandGoldstein,andofLanghaargrad-
uallyc~e awayfromthestraightlinerepresentingsmallvaluesof u
andapproachasanasymptotethestraightMe withslopeequaltounity
marked“Poisseuilleflow.”

Figure8 showsthatthelamhsrflowthrougha tubecanwellbe
thoughtof aspassingthroughthreezones,roughlydemarcatedby
O< u~O.~5, by 0.005~uSO.1, sndby u>O.1. Inthefirstzone
th~flowbehavesessentiallylikethaton a flatplatewitha boundsry
layerwhichisthincomperedwiththetniberadius.Inthesecondzone
a gradualshiftoccursastheboundarylayerreachestheaxisof the
ttie. Thettid zoneisthewell-lmownpoisseuiueflow(fullydeveloped
laminarpipeflow).Allthepresentdataforthelaminarentrancezone
liewellwithinthefirstzoneas canbe seeninfigure7(a). Thebehavior
oftheboundarylayerinthepresenttestsisthusessentiallyllkethat
on a

tion

flatplate.

CONCLUSIONS

IYomanexperhentalinvestigationoftheeffectof coolingonfric-
andonboundary-layertransitioninthesteadyflowof airtithe

entranceof a smoothro~d tube,thefoIlowingcon&sionsareindicated:
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1.Theamountofturbulencepresentinthefreestreamandinthe
boundsxylayer,aswellasthesmoothnessandcleanlinessof thewalls,
hasa strongeffectonthetransitionReynoldsnumberh internalflows.
SmalJerdisturbancesgivehighertransitionReynoldsnumbers.

2. Coolingapparentlyhaslittleornoeffectonthetransition
Reynoldsnuuiberinnormalinternalflowsofair(whichcontaincompara-
tivelylargedisturbances).No significanteffectof coolingontran-
sitionhasbeenfoundevenfordisturbanceevelsgivingadiabatictran-

isitionReynoldsnuuibers,ashighas1.8x 10 .

3.Theeffectof coolingorheatingonthetransitionReynoldsnum-
berappearstobe greaterwhenthedisturbancesintheflowszesmaller.
A significanteffectof coolingontransitionmightconceivablybefound
inan internal,flowifthedisturbancelevelwasreducedsufficintlyto

%giveanadiabatictransitionReynoldsnumbergreaterthan2 x 10 . But
evenifsuchan effectcouldbe found,thedifficultiesassociatedwith
theproductionof sucha disturbancelevelwouldmaketheuseof cooling
to controltransitionin internalflowsunfeasibleformostpractical
applications.

4. Ingeneral,theevidenceindicatesthattheeffectofheatingor
coolingon thetransitionReynoldsnmber inairisqualitativelyinthe
directionsuggestedbythecalculationsofLeesandVanDriestconcerning
theReynoldsnumberattheinstabilitypoint.Butineverycasethesize
oftheeffectfoundexper3mentaJdyfortheshifth thetransitionpoint
isatleastoneorderofmagnitudelessthanthechangepredictedforthe
instabilitypoint.

~.Thereisno questionthatthedestructionofthelaminarprofile
andtheonsetofturbulencecanbebroughtaboutby theamplificationof
unstablewqvesin caseswherethedisturbancesintheflowaresufficiently
small.Thepresentresultssuggestthatthismechanismmaywellbemodi-
fiedor evensupplantedby anotherasthecauseoftransitionwhenany
butvanishinglysmalldisturbancesarepresentintheflow.

6. TheexplanationofShapiroandSmithconcerningtheexistenceof
a lsminarboundarylayerfora shortdistancefromtheentranceof smooth
tubesevenat diameterReynoldsnumbersmuchhigherthan2,000hasbeen
verified.

7.A correlationof thelocalapparentfrictionfactorfApp in

thelsminsrentrancezonecanbe obtainedby plotting4fwp[ReD)~ainst

a,where H% isthediameterReynoldsnuniberand a isa &imensionless
parsmetergivenby a = (x/D)/R~.For as O.CO~ themeanlineofthe
presentdataisgivenby 4fH(R~) = 6.~/~. Thisisingoodagree-
mentwiththetheoryforthelaminarentrancezonegivenhereinwhich

— __ _—— —. .—— —. ..—. —...— —..— ——-—— .—
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yields4f~p(R~) . 7.l#fi andwiththeapproxhateformulaofSchiller,
4f~(R.@ = 7.30/~.

8.ComparisonofthedatawiththetheoriesofLanghaar,ofAtkinson
andGoldstein,andwiththecompletetheoryof SchilJershowsthatthe
formula4f&p(R~)= 6.87/@ cannotholdfor u > 5 x 10-3. It&30
showsthatlsminarflowtitubescsmwellbe thoughtofas dividedtito
threezones:For u ~ 0.003 theflowbehavesessentiallylikethat
alonga flatplate;for O.00~S aS O.1 theflowaltersasthePoisseuille
velocityprofileisestablished;for U ~ 0.1 ste@fpoissefi~eflow
ismaintained.

Massachusettsbstituteof Technology,
Cambridge,Mass.,Septedmrn, 1952.
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APPENDIXA

ANALYSISOFDATA

Discussion

Sinceno velocityexceeded200feet
theflowwastreatedas incompressible.

persecondh anyof thetests,

Thedatafora givenrunwerecorrectedtothebasisof a standard
flowrateandstandardpropertieswhichwereselectedtobe inthemid-
dleofthersmgeforthegiventest.

Flowcoefficientof contractionnozzle.-Theflowcoefficientof
thecontractionnozzlewascomputedasa functionofdismeterReynolds
numberby themethodof.ShapiroandSmith(ref.18). Thecalculated
flowcoefficientforthecontractionnozzleis comparedinfigure9 with
theflowcoefficientrecowendedby theA.S.M.E.Themethodof calcula-
tionisgiveninthesection“Calculationof flowcoefficientforcon-
tractionnozzle.”

BoundEmy-layergrowthin contractionnozzle.-Theeffectiveentrance
pointofthetubetobe usedindeterminingthevaluesof thelength
Reynoldsnumberis subjectto question,sticesomebomm layerb~~
up inthecontractionnozzle.Theeffectivelengthof thenozzlewas
analyzedbothon a one-dtiensionalbasisandby plottingof theearly
adiabaticdataforslopeandminimumscatter.Theseconsiderationsindi-
catedthatthiseffectivelength”wasnotmorethan1.2inchesandnotless
thanO.8inch.Withthisinmind,thevalueof 1.00inchwasadoptedfor
theeffectivelengthofthenozzletothefirstpressuretap. Thelatter
waslocated1/16inchdownstreamoftheendofthecurvednozzlecontour.

Propermean locationbetweenpressuretaps.-b themethodofmeas-
urementusedintheseteststhelocalapparentfrictionfactorwasnot
measuredata pointbutoversomefinit~-distanceA. Itwastherefore
necessaryeitherto differentiatethecurveof p againstx orto
calculatetheappropriatedistanceX atwhichtoplota givenvalueof
frictionfactordeducedfromtheratio4/h. Thelattermethod=
employedthroughout.

A goodapproximationfor the propervalue = in the laminsrentrance
zoneof a tube,for a < 0.005, istheaverageofthearithmeticand
geometricmeanvaluesofthedistancerromtheentranceofthetubeto
thetwotapsused. A proofofthisstatementisgivenlater.Thedif-
ferencebetweenthisvalueof X andthesimplearithmeticmeanofthe
distancestothetapsfromthetubeentranceissmallunlesstheratio

-.—— — .—._ -. ———__ —_
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of thetwodistancesislarge.A graphofthepercentagecorrectionto
thearithmeticmeanisshowninfigure10,fromwhichitiS seenthat
thepropermeandistanceZ doesnotdeviatefromthearithmeticmean
by 1 percentuntiltheratioofthedistancestothetwotapsfromthe
tubeentranceexceeds1.33.

Inthetransitionsndturbulentzonestheratioofthetwovalues
of x betweensuccessivetapswasalwayssonesrunitythatthearith-
meticmeanvaluefor X wasusedwiththecertaintythatno appreciable
errorwasinvolved.

DevelopmentofComputingEquations

Calculationof flowcoefficientforcontractionnozzle.-Forsteady
incompressibleflowbetweenthestillingchamberandthefirstpressure
tapinthepipe,onemaywrite

V02 + Po_ P1 + V12—+HL
Z-- Pg Pf! a

(Al)

wheresubscripto refersto thestillingchsmberandsubscript1 to
conditionsattheftisttap. By continuity

where ~ and dl srethediametersofthestjillinnchamberandtest
sectionatthefirsttap,respectively,andthusitispossibleto neg-

/
lecttheterm V022g inequation(Al). Hence,

pv12
Po -Pl=y + f@L

Fromthedefinitionof 4~~j

-0~V12HL-4f~D~

Then,conibiningequations(l@)smd (A3), thereisobtained:

(A2)

(A3)

/“.
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VI={%-d-%=.
Theflowcoefficient~ ofthenozzleisdefinedby

Comparisonof

Thevaluesof
figure9 were

usedforthis
theoryinthe

andthevalue

equations(A4)snd(A5)thenshowsthat

(A4)

(A5)

(A6)
5=q-

theflowcoefficientforthecontractionnozzleshownin
obtainedbyuseof equation(A6).Thevaluesof 47~(Lfi)

PWose wereobtainedfromthetitegratedformofthepresent
form

(A7)

of L forthenozzleup to thefirstpressuretapwas
takentobe 1.00inchasexplainedabove.Theseval.~esof 4~&(L/D)

agreewiththemesnlineofthedatato 4 percentandthe L ofthe
nozzleiskmwn to approximately15percent.Theuncertaintyinthe
tiue of theflowcoefficientduetothesepossibleerrors,however,is
atmostonly0.3percentbecauseoftheformof equation(A6).

Calculationof R~l and R%.- Us@ thecurveof figure9 for

theflowcoefficientofthecontractionnozzletogetherwithequation(A5),
thefree-streamReynoldsnuniber

— -.
canbe foundas:

= y@@ (A8)

———.—. ——. -————___ -————— — ..——
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boundary-layerReynoldsnumberR%2 istheReynoldsnumber

thefree-stresmandwalltemperatures. Notingthat p= b + c@074
forairwhere b and c sreconstan~s,

by theexpression

pmvlz Povl=Pm Po
R~2 = ~— =— . . =

lJoPoPm

%2 maybe relatedto Rex
1

()2TC) 1.74

‘exlTo+ Tw
(A9)

Calculationof 4fw fromtestdata.-Theapparentfrictionfactor
kfmp is,by definition,expressedby

Combiningthiswitheqwtion(A5),it isfoundthat

- 4fApp= @/A(x@) .L*
2Po-Pi

cD2(po- Pi) k

(Ale)

fromwhich hf~ is convenientlycomputedfromthemeasureddata.

ProperValueof Z forLsminarFlowinEntrancetineof

Tubefor CSS7 x 10-3

Thepropervalueof Z forplottinga local
tormeaauredbetweentwotapsforlaninarflowh
of a tubeisshownbelowtobe theaverageofthe

apparentfrictionfac-
theearlyentrancezone
arithmeticandgeometric

meansof thedistancesofthetwotaps~om theentranceofthet~be.

For US 0.005 the10CSJ.apparentfrictionfactorcanbe expressed

by theequation4fAPP@D) = 6.@@. Foranyonerunundersteady-
stateconditionsthisisoftheform

4fW = B/@ (AM.)

where B isa constantfortherun.
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Nowlet ~ be thedistancetotheneartapsmd Xr thedistance

tothefartap. Intheexperiment,onemeasuresamapparentfriction
factor4fW’ whichissomekindof a meanoverthedistance& = Xn - Xr.

Thatis,

4fm’ = 1 J
+13ti= 2B

Xr ‘Xnxnfi xr-xn
(F -K)

whichmaybe rearrangedintheform

4fm’ ‘w; w

(A12)

WhatisneedednowisthevalueZ atwhich kfm = 4fH’ .

At a distanceZ tiomtheentranceofthetube, 4fW isgiven “

by equation(AIL)as

()4fw =
x+

Comparisonof equations(AM) and(A13)

/d=
thenshowsthat

&=’@+@
2

or

whichistheresultstatedpreviously.

(A13)

——-— --———.—- —.—.——. ——. .——. —--—.———.
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APPENDIXB

LAMINARENTRANCE

Inthisappendixthereispresented

‘I!HEQRY

a simpletheoryforthelaminar
entrancezonebasedon theintegralmomentumequationsof theboundary
layer.

Relationbetweenfwp and Cf.-Considera controlsurfaceof

width dx extendingacrossthetubeat sectionx as shownby the
followingsketch:

Tw-“
_________ T,n,-:~;i;________

~=; > —- —- —
i -*”-
1

Theflowisassumedto consistof a frictionlesscorewiththespeed
Uc togetherwithanannularboundarylayerof thicknessb. As isusual
inthin-boundsry-layertheory,thepressureistakentobe uniformover
eachcrosssection.Sinceonlytheentranceregionisof interesthere,
wheretheboundarylayerisverythin,it isassumedthat b/D is small
compsred‘tithunity.At thebeginningof thetube (x= O),thevelocity
-isassumeduniformwiththevalue V.

Thecontinuityequationmaybe writtenas

4

Thevelocity
be oftheform

f

D/2
pv= 2nrpudr

o

distributionin the boun~ layeris now assumedto

(B2)
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where m isa shapeparameterindependentof x.

Theexpressionfor
equation(Bl),thus

Y&
4

which,to

J?5
= 2 ‘c

o

u givenby equation(B2)isnow
giving

=-t-:fi&Y)@+{D’2

31

substitutedinto

()DUc–-YdY2
L A

first-ordertermsin b/D,maybe expressedapproximatelyas ‘

ti=~:’2uc@-yjdy-~8uc~-~~~~
4

or,uponintegration,as

~=~ 4 ~
%

- ——+ ● . . (B3)m+lD

Thedynsmicequationforthefrictionlesscoremaybe writtenas

By definition,

Conibinationof

( /)-dp=p~duc=pd~22 (B4)

theapparentfrictionfactorisgivenby

-4fA-pp= ~

&

equations(@l)and (B5) nowyields

fmp . ; &~2

Themomentumequation

(B5)

(B6)

fortheflowthroughthecontrolsurfaceis

J

“/2
T@Ddx=d ~rpu2 dr

o

.— —--- —-. ——-. .— —...— ——
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Dividingthisby ~pV%-cDdx,andnottigthat Cfs T
Yw~

@J2,thereis

obtained

(B7)

Theintegralinthisexpressionisevaluatedwiththehelpof equation(B2)
as

Carryingouttheintegration,thereisobtained

JD/2

o

whenceitfollows

f~=cf+

fromequation(B7)that

(B8)

Sincem hasbeenassmnedtobe independentof x, thisexpressionmay
be rearrangedwiththehelpofequation(B6)as

Fromequations(B6)and(B3) onemayobtain,to first-ordertermsin b/D,

or

(B1O) .
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Replacingdb/ti inequation(B9)withthevaluegivenby equa-
tion(B1O),andretainingonlyfirst-ordertermsin 5/D,thereisfinally
obtainedafterrearrangement

fAPP
= ()2++cf (Bll)

Evaluationof m.-Equation(Bll)givesa relationwhichdepends
onlyontheassumptionsoftheanalysisandwhichisnotdependenton
an assumptionofflat-plate-likeflow.However,to choosea valueof m,
itisnecessaryto comparewitha knownsolution.Forthiscomparison
theflat-platesolutionofBlasiusisused. Thisisequivalentto assuming‘
thatthepressuregradientinthetubehasa negligibleinfluenceonthe
velocityprofileinthezone y~ b. Inparticular,m isevaluatedso
thatthefrictionfactorsobtahedareinagreementwiththeBlasius
rektionforflowpasta flatplatewitha velocityprofileof thessme
formasthatusedabove.

Whentheintegralboundary-layertheoryisappliedintheusual
mannertotheflowon a flatplatewiththevelocityprofileoftheform
of equation(B2),thereisobtained

cflfq &2
‘x‘ (m+l)(2m+l)

(B12)

whereastheexactBlasiussolutionfortheflatplateyields

cfF~=o.664 (B13)

Comparisonof equations(B12)and(B13)thensuggeststhatonechoose
thevalue

m= 1.45

inordertomaketheapproximatesolutionidenticalwiththeexactsolu-
tion.

Substitutingthisvalueof m intoequation(Bll),thereisobtatied

f~ = 2. 67cf (B14)

——— -—. — —-— -— __ –—— ——— —.—. —
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Now,combiningthiswithequation(B13),thereisobtained

N4fApp= 7.17 ex

whichmaybe rearrangedto give

(B15)

(B16)

It is interestingtonotefromequation(B14)that,inthelaminar
entrancezone,thepressuredropdueto thechangingmomentumfluxis
1.67timesaslargeasthepressuredropdueto skinfriction.
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TABLEI

LOCATIONOFPRESSURETAPS

INTESTSECTION

. Tap

4

7
8
9

10
I-1
E
13
14
15
16
17
18
19
20
21

Distancefrom
t*e entrance,

in.

1
2

1
5
6
7
8
9
l-l
13
16
19
23
27
31

z
47
53
59



i

I

I

I
I

/

I

I

=i5$=Ll
system.(a) Rnttieflow

Figure l.- %hematic diagram of teat apparatua. t!
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(b) StLUing chamber. Flow was straightened and smoothed by diffuser
and honeycomb. Honeycomb constmeted of tightly packed aluminum
tubes with O.1~-inch inside diameter, 8,9tithes long, amd with
O.OC&inch wall thickness. !l?urbulenceintensity was reduced by
use of 15dsmpi.ngscreens made of square mesh Monel screen, 30mesh
per iti, o.006q-inti-diametertie. Boundary-layersuction apparatus
had a radial slot 0.125 inch in width. Air was withdrawn from suetion-
slot plenum chamber through 12 holes of 21/6&inch diameter and through
equal lengths .f l/4-inch tub~ to header of flow control syatmn.
Boundary-layer suetion apparatus used ooly in second group of runs.

Figure 1.- Continued.
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(c) Contraction nozzle and test section. All.taps were constructed by
four stages of dmX1.ing and lapping to remove burs. Taps were spaced
on a helix with 70°ofarcbetween mccesaive tapesothatno Iwotaps
lay on same radial line. Distances of taps from effective entrance of
tube are given in table I.

Figure 1.- Concluded.
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FIPJUW 2.- Adlabatic performance of system. Ftist woup of runs (no
boundary-layer suetion).
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Figure2.-Continued.
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Povk-FREESTREAMREYNOLDSNUMBER, Rex, = —
Po

(c) Forallflowrates.

Figure2.- Concluded.
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(a) R% = lJ1,000.

Figure4.- Effectofboundary-layersuctiononadiabaticperformanceof
systemaftermodification.Flowrateabove
ofruns.

pulsation;secondgroup
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Figure5.-Effectof
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i Figwe 5.- Continued.
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Figure 5.- Continued.
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(e)Flowratebeiowpulsationwith q = 51,000.

Figure5.- Continued.
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SYMBOL RUN TO TO-Tw ReD

●
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A
v

B-7 80*F O“F 103,000
C-8 313°F 30°F ro2,500
C-8 3i3°F 170°F 102,500
c-8 313*F 225*F 102.500 E

106 I07
PlnvxMEAN BOUNDARY–LAYER REYNOLD,SNUMBER, Rex- S ,,.. ~ Pm

(f)Flowrateabovepulsationwith R~ =102,000.Sameasfigure~(a)
exceptthatmeanboundary-layerReynoldsnumberisusedinplaceof
free-stresmReynoldsnumber.

Figure5.-Continued.
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MEAN BOUNDARY- LAYER REYNOLDS NUMBER , Re ~z Pm

(g) Flow rate above pulsation with R% ~ 79,CC0. 6ame as figure 5(b)

except that meem boundery-layer Reynoldfinumber is used in place of
free-stream Reynolds number.

Figure 5.- Contfnue&.
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O°F 69,700
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E

71,900

23°F 73,600

C-3 I 93°F 128°F 73,600 II

105 106
= p~vk

MEAN BOUN DARY– LAYER REYNOLDS NUMBER , ‘eX2 - /Am

(h) Flow rate above puhation with R% = 70,(00. %m?as figure 5(c)

except that
free-stream

mean boundaxy-layer Reynolds number is used in place of
Reynoltianumber.

Figure 5.- Centhued.
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(i) Flow rate above puleation with
except that mean boundary-layer
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(j)l?lowratebelowpulsationwith
exceptthatmean boundary-layer
free-streamReynoldsnumber.

Figure5.-

Rel)= 51,000.
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Saneasfigure5(e)
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.10= 10= pow ‘ ’07
FREE-STREAM REYNOLDS NUMBER, Rexls —

/Lo

(a)Flow rate abovepulsationwith R~ s 106,ooo.

Figure6.- Effectof coolingontrsmsition. Secondgroupof runswith
constantboundary-layersuctionflow.
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(b) Flow rate above pulsation with R% L=97,.000.

Figure 6.- Continued.
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SYMBOL RUN TO TO-TW Re~

o E-1 324°F 54° F 106,2.00
❑ E- I 324°F 184°F 106,200

\

4°F

MEAN BOUNDARY-LAYER REYNOLDS N

=s= 10’

pmwi
UMBER, Rex A~-

“L Pm

(c) Flowrateabovepulsationwith R~s 106,000.Sameasfigure6(a)
exceptthatmeanboundary-layerReynoldsnumberisusedinplaceof
free-stresmReynoldsnumber.

Figure6.-Continued.
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(d)Flowrateabovepulsationwith R% = 97,000.Sameasfigure6(b)
exceptthatmeanboundary-layerReynoldsnumberisusedinplaceof
free-streamReynoldsnumber.

Figure6.-Concluded.
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(a) Plotofalldatashowingmeanexperimentalcurve.

RESULTS OF TUBE ~
,WATEIj T<ST$ 1 1 1 ,

18)

(b)Comparisonofmeanexperimentalcurvewithbestrun(runD-2),with
dataof ShapiroandSnith(ref.18),withthetheoryof Schiller
(ref.25),andwithpresenttheory.

Figure7.-Generalizedcorrelationoflocala~arentfrictionfactorin
laminarentrancezoneforslladiabaticdata.
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Figure 8.- Comparison of theories with integrated mean experimmtal curve
of local apperent friction factor for laminar entrance zone.
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